Self-similar propagation of linearly chirped hyperbolic-secant pulses in a comblike decreasing-dispersion fiber amplifier has been observed experimentally for the first time to our knowledge. The scheme takes advantage of an exact solution of the generalized nonlinear Schrödinger equation with distributed coefficients. © 2006 Optical Society of America OCIS codes: 190.4370, 060.5530, 320.5520.
Self-similar solutions of different generalized Schrödinger equations used to describe the propagation of pulses in fiber amplifiers have been found during the past few years, including approximate solutions that apply in an optical fiber under the influence of dispersion and gain or loss, 1 asymptotic parabolic solutions of the generalized nonlinear Schrödinger equation (GNLSE) appropriate in the normal dispersion regime, 2 and also exact solutions of the GNLSE with distributed coefficients that apply in the anomalous dispersion regime. [3] [4] [5] The parabolic solutions have led to several applications, such as pulse compressors, amplifiers, or similariton lasers. 6, 7 The exact linearly chirped self-similar (or similariton) solutions have been studied numerically 8 and experimentally in a fiber with constant dispersion and nonlinearity but with an experimental gain that was only an approximation to the required theoretical profile. 9 We report here that, by using a comblike decreasing-dispersion fiber (DDF) amplifier, we have achieved what we believe to be the first experimental demonstration of compression governed by the similariton solutions of the GNLSE with distributed coefficients. Note that the principle of this novel technique is different from the commonly used adiabatic soliton compression and requires a much shorter length of fiber for the same amount of compression. 8, 9 The GNLSE with distributed coefficients used for the propagation of pulses in fiber optics is given by
The exact similariton solutions of this equation for pulses propagating in the anomalous regime of a fiber can be written 4, 5 as
where ͑z͒ = ␤͑z͒ / ␥͑z͒, 0 is the time width of the input pulse, c and a 0 are arbitrary constants, and c 0 is the chirp parameter of the input pulse. When a linearly chirped hyperbolic-secant-shaped input pulse with a peak power of P 0 = ͉͑0͉͒ / 0 2 is launched into a fiber with anomalous dispersion, the necessary and sufficient condition for the existence of similariton solutions along the propagation is given by the following relationship among the gain, the dispersion, and the nonlinearity profiles 4, 5 :
We can see from Eq. (5) that, with negative values of c 0 and ␤͑z͒, the parameter X͑z͒ decreases from 1 to 0 along the propagation; so the peak power of the pulse grows, P͑z͒ = ͉͑z͉͒ / ͓ 0 2 X 2 ͑z͔͒, as its chirp parameter increases, c͑z͒ = c 0 / X͑z͒, and its temporal width decreases, ͑z͒ = 0 X͑z͒. Thus we can also write the compression factor
The linearly chirped input pulse used in our experiment ( Fig. 1) is generated from the propagation of a nearly chirp-free erbium-doped fiber laser pulse ( = 1538 nm, FWHM= 1.9 ps, time-bandwidth TBP = 0.35, peak power= 1.8 W) in 70 m of dispersioncompensated fiber (DCF, ␤ = 0.123 ps 2 / m). The gain is achieved with a copropagating 5 W Raman pump and has the profile
where ␣͑z͒ is the loss profile of both the pump and the probe in the fiber. If we assume constant nonlin-earity along the fiber, the required ␤͑z͒ profile can be found from the equation
where
͑10͒
The suitable ␤ profile (dashed curve in Fig. 2 ) was realized with a comblike DDF made by splicing two different types of fiber with different anomalous ␤ values: SMF28 for the high-value dispersion and a dispersion-shifted large effective area fiber (LEAF) for the low value. A comblike fiber with 8 different average ␤ (16 splices) was used in the first stage of the similariton compression.
Initial experiments utilized a comblike fiber with equal-length segments, but the technique has been improved by taking a variable step profile with long steps at the beginning of the fiber and short steps near the end to emulate a shorter DDF while keeping the accumulated nonlinear phase shift of the compressing pulse much less than / 2 in each segment. 10 We have also taken into account a piecewise loss profile ␣͑z͒ including the discretization of the splice losses to have better agreement between the experiment and the theory. The relatively large effective area of the LEAF helps us to reduce the splicing loss to an average of 0.15 dB per splice. Moreover, both fibers have roughly the same nonlinearity coefficient and the same Raman gain.
The experimental FROG (frequency-resolved optical gating) traces measured with a Southern Photonics HR150 pulse analyzer at each stage of the compression in the first comblike DDF are shown in Fig.  3 . The linearly chirped pulse has been compressed by a factor of 12 (from 17.8 to 1.47 ps) while its chirp has increased during propagation in the comblike DDF amplifier. The experimental compression factor X͑z͒ obtained from the evolution of the chirp, time width, and peak power of the measured pulse and from Eq. (7) is in good agreement with the analytical X͑z͒ [Eq. (5)] for both theoretical and comblike profiles (Fig. 4) . We have checked numerically, by using a split-step Fourier simulation of the propagation including higher-order effects, that the result with the eight-step profile is indistinguishable from the one generated with the exact theoretical ␤ profile [Eq. (9) ], which confirms that a DDF has been emulated (Fig. 5) . We also show that the slight difference between the experimental trace and theoretical output pulse generated from the analytical solution [Eq. (2)] arises for the most part from the imperfection in the shape and the frequency chirp of the experimental input pulse.
Further compression has been obtained by continuing the propagation in a second 300 m five-step comblike DDF made of LEAF and dispersion-shifted fiber ͑␤ =10 −3 ps 2 /m͒, which allows us to generate a 0.75 ps pulse. However, at this level of compression the effect of the imperfection in the shape and chirp of the input pulse start to become significant (Fig. 6) , so we had to optimize numerically the number of steps of the comblike profile of the fiber to balance this effect in order to produce the shortest pulse possible. Note that this second comblike ␤ profile should have had more steps to emulate a DDF accurately, but the output pulse would then have been longer. Experimental, theoretical, and several simulated traces are displayed in Fig. 6 to show the influence of both the quality of the input pulse and the ␤ profile on the output pulse.
In conclusion, we have experimentally demonstrated the similariton compression of a pulse within a comblike DDF amplifier, which is the first realization of exact solutions of the GNLSE with distributed coefficients to our knowledge. These new results show good agreement between the experimental, simulated, and theoretical traces for output pulses longer than 1 ps. We anticipate that better efficiency and greater compression would be achievable by starting with an optimized pulse with better shape and frequency chirp and by using a true DDF instead of a lossy comblike DDF. The influence of the limited spectral bandwidth of the gain and of higher-order effects of dispersion and fiber nonlinearity, which were negligible in this study, will then also have to be addressed for achieving higher levels of compression if more perfectly conditioned input pulses are available.
D. Méchin's e-mail address is d.mechin@ auckland.ac.nz. Fig. 5 . Top, normalized intensity and, bottom, frequency chirp for the input pulse of the first DDF (crosses) and theoretical (dashed curve), experimental (solid curve), and simulated output pulses after the first DDF, from the theoretical input pulse plus the theoretical ␤ profile (triangles), the experimental input pulse plus the theoretical ␤ profile (stars), the theoretical input pulse plus the comblike ␤ profile (circles), and the experimental input pulse plus the comblike ␤ profile (squares). Fig. 6 . Top, normalized intensity and, bottom, frequency chirp for input and output pulses of the second DDF. Symbols are as in Fig. 5 .
